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Abstract

We describe a numerical method for modeling temperature-dependent fluid flow coupled to heat transfer in solids.
This approach to conjugate-heat-transfer can be used to compute transient and steady-state solutions to a wide range
of fluid-solid systems in complex two- and three-dimensional geometry. Fluids are modeled with the temperature
dependent incompressible Navier-Stokes equations using the Boussinesq approximation. Solids with heat transfer are
modeled with the heat equation. Appropriate interface equations are applied to couple the solutions across different
domains. The computational region is divided into a number of sub-domains corresponding to fluid domains and
solid domains. There may be multiple fluid domains and multiple solid domains. Each fluid or solid sub-domain is
discretized with an overlapping grid. The entire region is associated with a composite grid which is the union of the
overlapping grids for the sub-domains. A different physics solver (fluid solver or solid solver) is associated with each
sub-domain. A higher-level multi-domain solver manages the entire solution process.

We propose and analyze some centered discrete approximations to the interface equations that have some desirable
stability properties. The coupled interface equations may be solved directly when using explicit time-stepping meth-
ods in the sub-domains, resulting in a strongly coupled approach. The stability of the interface treatment in this case
is independent of the relative sizes of the material properties in the two domains with the time-step only depending
on the usual von Neumann conditions for each sub-domain. For implicit time-stepping methods we solve the interface
equations in a weakly-coupled fashion to avoid forming a coupled implicit system across all sub-domains. The con-
vergence of this approach does depend on the relative sizes of the thermal conductivities and diffusivities. We analyze
different iteration strategies for solving these implicit equations including the use of mixed (Robin) approximations
at the interface.

Numerical results are presented to illustrate the method. The accuracy of the technique is verified using the method
of analytic solutions and by computing the solution to some heat exchanger problems where the exact solution is
known. The technique is also applied to the modeling of an inertial-confinement-fusion hohlraum target and the
flow of coolant past an hexagonal array of heated fuel rods. The multi-domain solver runs in parallel on distributed
memory computers and some parallel results are provided.
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1. Introduction

There are many interesting scientific and engineering problems that involve the coupling of fluid flow to
heat transfer in solids. These include modeling of heat exchangers, cooling of turbine blades in jet engines,
nuclear reactors, and cooling of computer components to name a few. We describe a flexible approach for
modeling heat transfer in fluid-solid systems based on the use of composite overlapping grids. The approach
uses different physics solvers in the different fluid and solid domains. The solutions are coupled at the fluid-
solid interfaces using the continuity of temperature and heat-flux. There can be any number of different fluid
or solid domains and any number of different physics solvers. The fluids are modeled using the incompressible
Navier-Stokes equations with the Boussinesq approximation. The solids are modeled with the heat equation.
Each fluid or solid domain is discretized with an overlapping grid. Curvilinear boundary fitted grids are used
at boundaries and interfaces. The entire domain is represented with a composite grid that holds the union
of the sub-domain overlapping grids.

The multi-domain solution of all fluid and solid domains is advanced in time in a domain-split, weakly-
coupled, manner. During each composite time-step, the solution in each sub-domain is advanced with an
explicit or implicit predictor-corrector time-stepping algorithm using the physics solver for that domain. The
interface equations are updated after the predictor and corrector steps. When explicit time-stepping is used,
the interface equations are solved as a separate set of coupled equations, resulting in an effectively strongly-
coupled algorithm. We propose a non-standard centered interface approximation. An analysis shows that
with the centered interface approximation, the stability of the scheme is independent of the relative sizes
of thermal conductivities and thermal diffusivities in the adjacent domains. The time-step for the overall
scheme is no worse than the time step determined for the individual sub-domains. This is in contrast to the
more commonly used approach [1]. When implicit time-stepping algorithms are used in the sub-domains, the
interface equations are solved in a segregated fashion using a Dirichlet condition on one side and a Neumann
condition on the opposite side of the interface. In this case it may be necessary to iterate and use additional
corrector steps in order to satisfy the coupled interface conditions to the desired tolerance. We describe
and analyze an iteration strategy for solving these coupled implicit systems. The iteration converges rapidly
when a certain ratio involving the thermal conductivities and diffusivities of adjacent domains is small (or
large). The convergence of the iteration can be accelerated using a relaxation parameter. We also analyze
the use of a mixed (Robin) interface condition instead of the standard Dirichlet-Neumann approach and
show that it has attractive convergence properties especially for the situation when the Dirichlet-Neumann
approach has difficulty.



Our multi-domain approach is based on the use of overlapping grids. Overlapping grids have been used
to solve a wide class of problems efficiently and accurately. The technique is especially attractive for han-
dling problems with complex geometry, and problems with moving or deforming boundaries. The first use
of overlapping grids (called composite grids at the time) appeared in papers by Volkov [2,3], who consid-
ered approximations to Poisson’s equation in regions with corners. Other pioneering work includes that of
Starius [4-6], Kreiss [7], and Steger et al. [8] who referred to the approach as Chimera grids. Since this
early work, the overlapping grid technique has been used successfully to solve a wide variety of problems
in high-speed reactive flow [9-12], reactive and non-reactive multi-material flow [13,14], combustion [15],
aerodynamics [16-22], blood flow [23], electromagnetics [24], flows around ships [25], visco-elastic flows [26],
and flows with deforming boundaries [27-29], among others. We also note that a hybrid scheme using over-
lapping grids in fluid regions and unstructured grids in solid regions has been applied to some conjugate-heat
transfer problems [30].

There are a variety of strategies that have been used to solve conjugate heat transfer problems. Finite-
difference, finite-volume, finite-element, boundary-element, and spectral-element approximations have all
been applied [31-37]. The different multi-domain strategies are distinguished by the degree to which domains
are coupled. In the strongly-coupled approach, a single large monolithic system is defined for the entire
composite domain. This approach is often the most robust. A common technique for conjugate heat transfer
problems is to solve the fluid equations for the velocities and temperature in the entire domain, but force the
velocities to be zero or small in the solid regions [31,32]. In the weakly-coupled approach, separate solution
algorithms are used in different domains with solutions coupled at the interface. This approach has some
practical advantages in terms of re-use of existing physics codes without the need to develop a new monolithic
approximation. There are yet other approaches that lie somewhere between the strongly-coupled and weakly
coupled. Some practitioners, for example, solve for a single temperature equation across all domains while
having separate fluid solvers in different domains [33,34].

The stability of the segregated interface approach for coupled heat equations has been studied by Giles [1].
He analyzed a particular discretization and showed that for stability reasons the fluid domain should generally
be given the Dirichlet condition for continuity of the temperature and the solid domain the Neumann
condition for continuity of the heat flux. Giles also showed that the time-step restriction of the coupled
problem was sometimes smaller than those from the sub-domains and depended on the relative sizes of
the heat capacities and grid spacings in the sub-domains. Roe et.al. [38] considered a different discrete
approximation to the interface equations that improved the stability characteristics. There has also been
much work on solution strategies for domain-decomposition problems and many of these ideas are applicable
to conjugate heat transfer problems, see for example [39—41].

An outline of the paper now follows. In Section 2 we define the problem to be solved in terms of the partial
differential equations (PDEs), boundary conditions and interface conditions. In Section 3 we give a brief
description of our discretization approach and describe the coupled-interface (CI) and segregated-interface
(SI) approaches. Our approach for multi-domain time-stepping is presented in Section 4. Section 5 provides
a stability analysis of the coupled interface approximation for a model problem. In Section 6 we analyze
the SI technique using Dirichlet-Neumann interface conditions and derive the convergence characteristics
of the iteration. We also analyze a mixed interface approximation and present computed convergence rates
for various cases. In Section 7 we present numerical results that show the accuracy of the method and its
use applied to some interesting applications. Some parallel scaling results are also provided. Conclusions are
given in the final section.

The computations in this paper were performed with the composite-grid multi-physics solver cgmp to-
gether with the incompressible Navier-Stokes solver cgins and the advection-diffusion (and heat equation)
solver cgad. These programs are part of the CG suite of PDE solvers and are built upon the Overture
framework. These programs are all freely available at http://www.1l1lnl.gov/casc/Overture.



2. Problem specification and model equations

We are interested in solving a conjugate heat transfer problem in a domain  which consists of a set of
Ny sub-domains that represent fluid and solid regions (see Fig. 1),

Q=uUh0,. (1)

The sub-domains are assumed to be non-overlapping. A single sub-domain, however, may be multiply con-
nected. A collection of non-overlapping regions may be represented, for example, with a single sub-domain
(as Q3 in Fig. 1). We define the sub-domains in this way since we associate a separate physics solver with
each sub-domain. A single heat-equation solver, for example, could be used on a multiply connected domain.
This is described further in Section 3

fluid w“[

Fig. 1. Top left : a domain 2 with two fluid sub-domains 1, Q2 and three solid sub-domains Q3, 24 and Q5. Top right: the
composite G consists of five overlapping grids, one for each domain. Bottom left: a computed conjugate heat transfer solution
showing the temperature. Bottom right: the streamlines in the fluid domains and the temperature in the solid domains.

The solution in a fluid domain, Q¢, with boundary 9, is governed by the incompressible Navier-Stokes
(INS) equations. The effects of temperature and buoyancy are modeled with the Boussinesq approximation.
The equations are given by

ut—I—(uV)u—l—Vp—uAu—i—ag(T—Tref)—f:O, t>07 XEQf)

Ap+Vu:Vu+a(g- V)T -V -f=0, t>0, xey, (2)
1
Tt+(u~V)T—p—CV'(ICVT)—fT:0, t>0, XEQf,



with initial conditions and boundary conditions,

(u(x,0),T(x,0)) = (u;(x), T7(x)), t=0, xe€Q,

. 3)
B (u,T) =0, t>0, xe€0Qy.

Here u = u(x,t) is the velocity, p the pressure, T' the temperature, v is the kinematic viscosity, I the
thermal conductivity, p the density, C' the specific heat, a the coefficient of thermal expansion and Tief the
reference temperature for which there are no buoyancy forces. f and fr are forcing functions. We use a
pressure-velocity formulation for these equations, solved with a split-step method. A second-order accurate
and fourth-order accurate scheme are available, see [42-44] for more details. Boundary conditions for these
equations are discussed in Section 3.1

Heat conduction in a solid domain 2 is modeled by the heat equation,

1
T,——V-(KVT)—f=0, t>0, x€Q,,

pC
T(x,0) = Ty (x), t=0, xe0,, (4)
B3(T) =0 t>0, xed,

At the interface Z = 9 N 0§2s between a fluid region and a solid region the matching conditions are the
continuity of the temperature and the continuity of the normal component of the heat flux

[T]z =0, (5)
[Kn-VT)7 =0. (6)

Here n is the normal to the interface Z and [-]z denotes the jump across the interface. The interface condi-
tions (5)-(6) also apply at the interface between two fluid regions or between two solid regions. Higher-order
accurate methods may require higher-order matching conditions. These are derived by taking time deriva-
tives of basic jump conditions (5) and (6) and using the governing equation to replace time derivatives with
space derivatives. Assuming for simplicity that the coefficients KC, p and C' are constant within a sub-domain,
the high-order jump conditions are

m—1
[DAmTJrZ DAmljajfL:O, m=0,1,2,... (7)
m—1—k
[IC(DA)mn-VT—i—IC 3 (DAY - Vf} m=01,2,..., (8)
7=0

where the thermal diffusivity D is defined as
D = K/(6C). (9)

In this paper we only present results for second-order accurate approximations although we will use condi-
tion (7) with m = 1 for the coupled interface approach described in Section 3.2.

3. Solution approach and discretization

We solve the multi-domain problem using a weakly-coupled approach (although when explicit time-
stepping is used the approach is effectively strongly-coupled). We associate a separate physics solver with each
fluid or solid sub-domain of the multi-domain problem. We use the composite-grid incompressible Navier-
Stokes code cgins in a fluid domain and the advection-diffusion code cgad in a solid domain. There may be
multiple instances of cgins and cgad. The composite-grid multi-physics solver cgmp manages the multi-
domain solution process and coordinates the transfer of information at the interfaces. The multi-domain
time-stepping algorithm is discussed in more detail in Section 4.
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The entire domain of interest, €2, is discretized using a composite overlapping grid, G. Each fluid or
solid sub-domain will itself be discretized with an overlapping grid, G4, with the global overlapping grid G
containing all the sub-overlapping grids,

G=UNG, . (10)

The overlapping grid G consists of a set of Ngriq component grids G, i.e.,
g:{Gg}a g:1727"'7Ngrid~

The component grids cover 2. Similarly, the overlapping grid, Gg4, for a sub-domain, will consist of a set
of overlapping component grids which are a sub-set of the grids in G. Each component grid is a logically
rectangular, curvilinear grid defined by a smooth mapping C, from parameter space r (e.g. the unit-cube
in three dimensions) to physical space x:

x=Cy(r), re0,13® xeR?.

The mapping is used to define the metric derivatives dx.,/dr, and the grid points at any desired resolution.
Variables defined on a component grid, such as the coordinates of the grid points, are stored in rectangular
arrays. For example, grid vertices are represented as the array

x{ : grid vertices, 1= (i1,42,i3), im =0,...,Np, m=1,2,3,

where N, is the number of grid cells in m-coordinate direction. We note that grid vertex information and
other mapping information are not stored for Cartesian grids. This usually results in a considerable savings
in memory use since most of the grid points belong to Cartesian grids for a typical overlapping grid.

interpolation points g

cylinder unit-cube

box unit-cube

Fig. 2. A three-dimensional overlapping grid for a quarter-cylinder in a box: overlapping grid in physical space (top view)
and the corresponding component grids on the unit cube in parameter space (bottom views). Interpolation points at the grid
overlap are marked and colour-coded for each component grid.

Fig. 2 shows a simple overlapping grid consisting of two component grids, a cylindrical grid and a back-
ground Cartesian grid. The top view shows the overlapping grid in physical space while the bottom views
show each component grid in its parameter space. In this example, the cylindrical grid cuts a hole in the
Cartesian grid so that the latter grid has a number of unused points. The other points on the component
grids are classified as either discretization points (where the PDE or boundary conditions are discretized)
or interpolation points. This information is supplied by the overlapping grid generator Ogen [45] and is held
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in an integer mask array. In addition, each boundary face of each component grid is classified as either a
physical boundary (where boundary conditions are to be implemented), a periodic boundary or an interpo-
lation boundary. Typically, one or more layers of ghost points are created for each component grid to aid in
the application of boundary conditions.

The PDE’s that define the evolution of the fluid and solid are discretized with a finite difference or finite
volume approximation with all variables defined at the nodes. For example, consider approximating the
generalized Laplace operator, L defined by

Lw=V"-(aVw) , (11)

where a = a(x) is a real valued coefficient. A straight-forward approach to discretize L on a curvilinear grid
is to use the mapping method, as follows. Using the chain rule, the operator L can be written in general
curvilinear coordinates in ng space-dimensions as

<L Oy, Ory 0w ory, 0 /0rm, da Or,\ Ow
Lw = Z Z Z 8:1% ox; Or,0rn, + o0x; {“%(axi ) o, or, 0x; }arm (12)

i=1 m=1n=1

The metric terms Or,, /0z, are computed from the mapping that defines the grid and are thus assumed to
be known. The derivatives with respect to the parameter space coordinates r,, can be approximated with
central difference approximations. The operator L can also be written in conservation form, or self-adjoint
form, in general curvilinear coordinates as

Ow AT — g S el Oy O, 13
ZZ@Tm( Tn>’ - ZZ%@@,’ (13)

m 1n=1 p=1lv=1

where J denotes the determinant of the Jacobian matrix [0x,,/0r,]. A careful discretization of this last
form of the operator leads to symmetric and compact discrete approximations of any order of accuracy [24].
These approximations are generalized finite-volume approximations.

3.1. Boundary conditions

The boundary conditions we use for the incompressible Navier-Stokes equations and the heat equation are
given in Fig. 3 and Fig. 4, respectively. We consider inflow boundaries, outflow boundaries, no-slip walls and
slip-walls. The conditions imposed on each boundary are divided into those labeled physical which come from
the analytic definition of a well-posed initial-boundary-value problem and those labeled numerical which are
extra conditions needed for the discretized problem in order to define an accurate and stable approximation.
Numerical boundary conditions typically determine ghost point values of the discrete solution. Note that
there is no explicit physical boundary condition for the pressure at walls or inflow. The boundary condition
V - u = 0, which takes the place of an explicit condition on the pressure, ensures that the solution to the
INS equations (2)-(3) satisfies V - u = 0 everywhere. The numerical boundary condition for the pressure at
walls or inflow is

Pn=Pe(0,T)=-n- ¥V xVxu+du+ (u-V)u+agl), (14)

and is derived from the normal component of the momentum equations. This numerical boundary condition
is used when solving the Poisson equation for the pressure. See [46,44] for a discussion of this boundary
condition. The boundary condition on the temperature can be Dirichlet, T' = g, Neumann, T,, = gr, or a
mixed condition aT,, + bT = gr. For further details on the discretization of the boundary conditions, the
reader is referred to [42,44,43].

3.2. Explicit time-stepping and coupled interface equations (CI)

We consider two approaches for solving the interface equations. In the first approach the interface equations
are solved as a coupled system of equations using a centered approximation. This approach is generally
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INS no-slip wall or inflow INS slip wall
hysical u=gu hysical n-u=g,
P & Py g INS outflow
V-u=0 V-u=0
physical | cp, +dp=gp
aT+bT, =gr alT+bT, =gr
numerical | extrapolate u
numerical pn = Pp(u,T) numerical Pn = Pp(u,T)
extrapolate T
extrapolate 7,, - u extrapolate 7,, - u
extrapolate T if b =0 extrapolate T if b= 0

Fig. 3. Boundary conditions for the incompressible Navier-Stokes equations. The outward normal at the boundary is denoted
by n, tangent vectors at the boundary are 7,,, m = 1,2 and Py, is defined by equation (14). The functions gu(x,t), gn(X,1t),
g7 (x,t) and gp(x,t) are given forcing functions while a,b, ¢ and d are non-negative constants with a +b > 0 and ¢+ d > 0.

Heat Equation wall

physical aT+bT, =gr

numerical | extrapolate T if b =0

Fig. 4. Boundary conditions for the heat equation, where gr(x,t) is a given forcing function and a and b are non-negative
constants with a +b > 0.

used when the interior equations are advanced with explicit time stepping. For a second-order accurate
approximation we use the two interface equations (6), and (7) with m =1,

[Kn-VT]z =0,
[DAT + f]z = 0. (15)

These two conditions will determine the discrete solution values on the first ghost line of the two domains,
one ghost line for each domain. Here we have assumed that u = 0 on the interface and that the coefficients
k, p, and C are constant within each sub-domain. This approximation differs from those usually found in
the literature through the use of equation (15). For the case of an interface between two solid regions, for
example, the time-continuous space-discrete approximation is given by

0tTm,i = DinApTim i + fon(Xm i, t), forie Ggl, and sub-domains m =1, 2, (16)
Kingi- VT = Ka(—naj) - ViTaj, forieZ,?% jeI", (17)
DlAth,i + f1 (Xi, t) = DQAhTQJ + fQ(Xzij, t), forie I}ll’z, j S Ii’l. (18)

Here Ty = T(Xm, i, t) denotes the discrete approximation to the temperature on a grid G, of sub-domain
Q,, with grid points X, ; and interface normals n,,;. A, and Vj, denote discrete approximations to A
and V respectively. These operators depend on the grid but this should be clear from context. Note that
we use —ngj since the discrete normals are defined as outward normals. Equations are also needed at
physical boundaries, interpolation points and periodic boundaries but these are left out in order to focus on
the interface treatment. The interior equations (16) are applied at interior discretization points, boundary
points and interface points, the set of these grid-points being denoted by G¢,. The set of points on component
grid G), that lie on the interface with grid G, are denoted by Z}"?. We have assumed that the grid points align
on the interface so that the sets Z'? and Z;* define the same set of physical points. This assumption is used
throughout this paper. The more general case of non-matching grid points on the interface is left to future
work. The interface equations (17) and (18) are discrete approximations that are centered on the interface
and will be used to determine the values on the ghost points that are adjacent to the interface points.
Use of centered schemes for boundaries generally results in more accurate and more stable approximations
compared to using one-sided approximations based on extrapolation.

We now illustrate how the discrete solution is advanced in time using the forward-Euler method. The
discrete solution, T} ; ~ T(Xm i,t"), with t" = nAt, is first advanced at all interior and interface points
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using equation (16),
Tott = T st A (DT + frn(xms 1)), fori€ Goym =1,2 (19)

Equations (17) and (18) are then used to determine the ghost point values adjacent to the interface at the
new time level,

King - VTP = Kao(—mag) - Vi T3, foriecZ,” je", (20)
'DlAhT{frl + fl(Xi,tn+1) = DgAhTz‘}i_l + fg(X27j1,,tn+1), forie I]}L’Q, j € 1}21,1. (21)

In practice we often use a predictor-corrector time stepping method in which case the interface equations
are applied after the predictor and corrector steps. Application of the equations (19)-(21) should ensure that
T{fiﬂ =T 2”;'1 (to round-off error) for points on the interface. On non-orthogonal grids, condition (21) will
couple the solutions on the ghost points due to cross-derivative terms in the approximation to Ay. To avoid
solving a coupled system of equations along the interface we use the current best guess values for ghost
points values when they are needed by the cross-derivatives (using extrapolation in space for the predictor
step). We then enforce the continuity of temperature directly after each time step using a weighted average
of the computed interface values, following the approximation developed by Patankar[31],

KT + T3
K1+ Ko ’
The stability and accuracy of the approximations (16)-(18) are studied in Section 5. Unlike the segregated

approach, discussed in the next section, the stability of the coupled approach does not depend on the relative
sizes of K and D in the two domains.

T =Ty forieZ,? je " (22)

3.3. Implicit time-stepping and segregated interface equations (SI)

The second approach used to solve the interface equations is based on segregating the interface equations
and applying one of the interface equations as a boundary condition for one domain and the other as the
boundary condition for the second domain. We generally use this approach when one or both of the domains
uses implicit time-stepping. A segregated approach is commonly used in the literature with both explicit
and implicit time stepping. Some care is required in applying the segregated method since the stability of
the method depends on which interface equation is associated with which domain and on the relative sizes
of I and D in the two domains as discussed in Section 6.

In the segregated approach the solution on each sub-domain is advanced using one of the interface condi-
tions as a boundary condition. For example, the solution on one domain may be advanced for one time-step
using an implicit method with a Dirichlet condition that sets the temperature on the interface

it = cirt Ty, ), forie GY (23)
it =135, forieZ,? jeI". (24)
Here T3 ; is some guess at the temperature on the interface and L' denotes an implicit time stepping operator.

Note that we apply the interior equation on the interface in addition to the Dirichlet condition and this
extra equation determines the solution on the ghost points:

LTI, ) = Tsy, forie L je Iyt (25)

The solution on the adjacent domain is advanced using a Neumann boundary condition based on the
continuity of heat flux as an interface condition

Ty = (T T3y, ), forie GY (26)
Ka(—n25) - ViaTy{h = Kiny - Vi TT5, forieZ,? jeI", (27)

where some guess for the heat flux from domain one is used. In general we will iterate these equations some
number of times using successively better values for n ; - Vth*ﬁi and T2*7j. If we iterate to convergence, the
results will satisfy the same centered interface conditions (20)-(21) that are satisfied in the coupled approach.

9



In Section 6 we analyze this Dirichlet-Neumann segregated approach and discuss iteration strategies. We
also consider a generalization that uses a mixed (Robin) approximation on both sides of the interface.

4. The multi-domain time-stepping algorithm

In this section we describe our approach for time-stepping a multi-domain problem. We assume that we
have a separate physics solver for each domain. For the purposes of this paper the domain solver will either
solve the INS equations or the heat equation. There may be multiple INS solvers and multiple heat equation
solvers. The different domain solvers are coupled through the interface conditions (5),(6). These interface
equations are solved with a coupled (CI) or segregated (SI) approach as described in Sections 3.2 and 3.3,
respectively. Each domain solver is assumed to time-step its equations with an explicit or implicit time-
stepping technique such as forward-Euler, backward-Euler, or an (implicit/explicit) predictor-corrector. To
be more concrete we suppose that each domain solver uses a time-stepping approach that is of the form of
the following generic implicit predictor-corrector algorithm given by

L,v® =f£,(u",u"L, ), (predictor)

Lov®) = fc(v(k_l), u”,...), (corrector, k =1,2,...,n.)
utt = (e

Here u” is the solution at time ¢, v(¥) are intermediate solution values, and L, and L. denote possibly

implicit operators that are solved at the predictor and corrector steps, respectively. When we solve the

interface equations by iteration, we may need to take additional corrector steps over and above the number,

n., used by default in the above scheme.

MultiDomainPDEsolve(G, tapna)
{
t := 0; applyInitialCondition(G);
while t < tgnal
At := computeTimeStep(G);
ford=0,1,.... N;—1 (loop over domains)
domainSolver[d] — start TimeStep (¢, At);
for k=0,1,...,n.+n; — 1 (predict: k = 0, and correct: k > 0)
ford=0,1,..., Ny—1
if we iterate to solve the interface equations
assignInterfaceRightHandSide(d, t + At, At, k);
domainSolver[d] — takeTimeStep(t, At, k);
if we solve the coupled interface equations directly
assignInterface(At);
else if k > n. and the interface equations have converged
break; (no more corrections are required)
ford=0,1,... ,Ny;—1
domainSolver[d] —endTimeStep(t, At);
t:=t+ At;

}

Fig. 5. The multi-domain predictor-corrector time-stepping algorithm for the solution of an initial-boundary-value problem on
a composite grid G consisting of Ny domains.

The multi-domain time-stepping algorithm is a predictor-corrector algorithm as outlined in the pseudo-
code of Fig. 5. Let the domain solver in sub-domain d be denoted by domainSolver|d]. After assigning
the initial conditions, the multi-domain time-stepper then advances the solution. Before each step a new
time-step At may be optionally computed. Here we assume that a single time-step is being used by all
domain solvers. This is not a restriction since individual domain solvers may sub-cycle using a smaller At if
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so desired. The multi-domain time-stepper communicates with the domain solvers through a set of functions
including startTimeStep, takeTimeStep and endTimeStep. The startTimeStep is used to initialize
a time step. The takeTimeStep function is called one or more times to perform the predictor step (k = 0)
followed by corrector steps (k > 0). The endTimeStep function is used to finish the time step.

The multi-domain time-stepper also communicates with the domain solvers through the assignInterface
and assignInterfaceRightHandSide functions. The time-stepping algorithm considers two approaches
for solving the interface equations. In the CI approach, the interface equations are solved as a coupled
system of equations (this approach is usually used with explicit time-stepping). In this case the function
assignInterface is called to solve the interface equations after all domains have been advanced in time.
This function will acquire the solutions near the interface from the appropriate domains, solve the interface
equations (20)-(21) and then assign the solutions back to the appropriate domains. With the CI approach,
the number of corrections, n., is chosen to be as large as the maximum number required by the individual
domain solvers. No additional corrections are needed to solve the interface equations in this case and n; = 0
in the algorithm of Fig. 5.

In the SI approach, the interface equations are solved in a segregated fashion by iteration. In this case
the right-hand-side to the interface conditions for the domain solvers are filled in by the assignInter-
faceRightHandSide function. This function will call the appropriate domain solvers to determine the
current values of T and T;, on the interface and will then provide the right-hand-sides to the interface equa-
tions (24),(27) of the current domain being solved for. These right-hand-sides will be adjusted appropriately
if the interface equations are solved with an relaxation parameter as discussed in Section 6. In the SI ap-
proach we choose the number of additional corrections n; to be large enough to ensure that the interface
equations will converge to the requested tolerance. We can stop correcting the solution once the interface
equations have converged to the requested tolerance and we have corrected at least n. times.

5. Analysis of the discrete coupled interface (CI) problem

Us—1 Usg Uzn  Usp

Ui—2 U1 Ui Uip

5

D1, ’C1, h1 O IDQw K‘)s h? X

Fig. 6. The overlapping grids for a one-dimensional material interface located at x = 0. Ghost points are introduced on the two
grids at the interface.

In this section we perform a model problem analysis for the coupled interface (CI) approach introduced
in Section 3.2 that uses the centered approximation to the interface equations. For the model problem
discretized in space but kept continuous in time, we show that the discrete equations are second-order
accurate and stable. We then consider the fully discrete case using forward-Euler time-stepping and show
that the equations are stable provided the usual von Neumann restriction on the time step is satisfied. This
result shows that the stability of the CI approach does not depend on the relative sizes of the material
properties. This should be contrasted with the results of Giles [1] who showed that the stability of the more
commonly used Dirichlet-Neumann interface approximation does depend on a certain ratio involving the
heat capacities and grid spacings; with the result being that a smaller time step is sometimes required.

A one-dimensional model problem on the interval (—oo, c0) with material interface at x = 0 is
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Opuy = Dlagul, for z < 0, (28)

Orug = DQ@iUQ, for z > 0, (29)

up —ug =0, at x =0, (30)

K10zu1 — KoOzus = 0, at x =0, (31)
up(z,0) = ud(x), us(z,0) = ud(z), att=0, (32)
ual] < oo, JJuzll < oo, (33)

where u; = uq(x,t) is defined on the left semi-infinite interval (co,0] and us = wuz(x,t) on the right semi-
infinite interval [0, 00). The initial conditions are assumed to have compact support and |u.,|, m = 1,2,
denotes the Ly norm of w,, over the appropriate interval. As discussed previously, by taking the time
derivative of the jump condition (30) and using the interior equation it follows that

Dlﬁgul — DQ@%UQ = 0, at x = 0. (34)

We assume that the initial conditions satisfy consistency conditions such as u9(0) = u3(0) and D;92u?(0) =
D202u9(0). Introduce a one-dimensional overlapping grid as shown in Fig. 6. The domain is discretized with a
grid with spacing hy for x < 0 and a grid with spacing hy for > 0. Let z1 ; = jhq and x2; = jho denote the
grid points on either side of the interface. A (formally) second-order accurate semi-discrete approximation
is

oU,; =D1DD_U,;, forj=0,-1,-2... (35)

OUs; =DyD, D _Usj, forj=0,1,2,... (36)
K1DoUy,0 = K2DoUsz,0, (37)
D1DyD_Uyg=DyDyD_Usy. (38)
Up;(0) = ul(zy,;), forj=1,0,—1,-2... (39)

Us ;(0) = u(z2,,), for j=-1,0,1,2,... (40)

[U1ln < oo, [U2]|n < 0. (41)

Here Uy ;(t) and Us ;(t) denote the approximations to u; and ug on the grids while D Uy, j = (Up j+1 —
Um7j)/hm, D_ Um,j = (UmJ‘ — Um,j_l)/hm, and D()Um,j = (Um7j+1 — Um,j_l)/(2hm) denote the usual finite
difference operators [47]. The discrete norms of the grid functions are defined from || U ||7 = Zg:_oo U1, 1% ha
and ||Us]2 = Z;io |Us,j|* he. Approximations to the jump conditions (31) and (34) have been imposed.
The basic jump condition Uy o(t) = Usz,o(t) will also hold in the discrete case since 0;Uy,9 = 0:Us,o for all
time by (35) and (38), and since we assume the initial conditions satisfy (38) and Uy (0) = Usz,0(0).

Theorem 1 The solution to the one-dimensional interface problem (35-41) is stable and second order ac-
curate.
Proof.

Laplace transforming the equations (35)-(41) and replacing (38) with the equivalent condition Uj o(t) =
Us,0(t) gives

sU1; —ul(z1;) =D1DyD_Uy 4, forj=0,-1,-2... (42)
sUsj —ud(xs;) = DeDyD_Usy, for j=0,1,2,... (43)
K1DoUy o = KaDoUs o, (44)
Uo=Usp. (45)

10 In <00, [|Uz2]ln < oo, (46)

where U, ;(s) is the Laplace transform of U, ;(t) with dual variable s. The Laplace transform of the error
in the approximation is

m.j = Upmj = tim(Zm.j,5), (47)
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where 1,,(x, s) is the Laplace transform of w,,(z, ). The error satisfies the equations

h2
sé1; =D1DyD_é j+ Dll—;a;*al(gl,j, s), forj=0,-1,-2..., (48)

h2
séy; =DaDyD_ég +D21—;a§ﬁ2(527j,s), for j =0,1,2,..., (49)

) ) hE s h3 s

K1Doé1,0 = KaDgéap — K1 Faxm(m,o, 5) — ’C2€3IU2(772,07 s), (50)
€1,0 = €20, (51)
[€1][n < oo, [l€2][n < o0, (52)

for some &, j € [Tm,j—1,Tm, j+1], a0d Ny j € [T, j—1, Tm,j+1]. In the usual way we can subtract out functions
that make the forcing terms in the first two equations zero and that only changes the forcings in the boundary
conditions by O(h? + h3). This results in a new error equation with inhomogeneous boundary conditions for
the error functions Wj ; and Ws ;,

sWij =D1DyD_W,;, forj=0,-1,-2... (53)

sWo ;=D Dy D_Wy;, forj=0,1,2,... (54)

K1DoW1 9 = Ko DoWa g + C1h?, (55)

Wi = Wao + Coh®. (56)

[Willn < o0, (IWal|1, < o0, (57)

where C; and Cy are constants and h? denotes a term of order O(h2+h3). The solution to the problem (53-57)

is of the form

Wl,j :AH;j, Wg)j :BK%,
where

Em =14 8m/2—\/Sm + 82,
is a root of the characteristic equation

k—2+Kk1 =85,

with s, = sh2, /Dy, for m = 1,2. To satisfy (57), the branch of the square root is taken so that |s,,| < 1
for Re(s) > 0. Applying the interface conditions (55) and (56) implies

-1
Kq K1 K2 = Ko 2
Alcl—%l = BIC242h2 + C1h7,
A=B + 02h27
with solution
1 2 o F2— Ky
2
B=A—Cyh?, (59)
K K
D= "2(s1/24 1= k1) + 52 (s2/2 4+ 1 = k). (60)
1 2

To show the accuracy of the scheme we consider the limit sh2, < 1, which implies
Km ~ 1= \/8/Dihy, + Ssh2, /Dy, + O(R3,),

(
B 5D+ 02, (
DNK1M+KQM+O(h2), (
A ~ [lcl\/ S/Dl —|— ’CQ\/ S/DQ]_1<Clh2 + 02h2K:2 V S/DQ) (
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The scheme is therefore second-order accurate since A = O(h?) and B = O(h?) for sh?, < 1. For stability
we need to prove that D is bounded away from zero for Re(s) > 0. Let k., = a;, + 8, be the complex
representation for x,,, where a,, and (,, are real. Whence from (60),

Re(D) = %(Re(sl)/Q +1—ag)+ %(Re(sz)ﬂ +1—a9), (65)
= %(K:lhl/’Dl + ’Cghg/Dg)Re(S) + %(1 — 041) + %(1 — 0&2). (66)

Note that |k,,| < 1 implies |a,,| < 1 and 1 — o, > 0. Therefore
Re(D) > 1(K1h1 /Dy + Kaha/Ds)Re(s) > 0, for Re(s) > 0,

and the scheme is stable. This completes the proof of the theorem.
O

Note: The interface equations (37) and (38) can be solved for the values at the ghost points, U 11, Us,_1
in terms of interior values,

U17+1 = [2(151 — 62)]€2U270 + 2252’62[]271 + (’52161 — 'D1]€2)U1771} / {'51’62 + 252161] (67)
U27_1 = [2(52 - 51)]@1(]1’0 -+ 251]&1[]17_1 + (51]&2 - DQ’&l)UQ,l} / [51]&2 -+ 252’61:| (68)

where Zsm =D/ h?n and I@m = K /hpm. The interface boundary conditions thus have the useful property
that when K1 = Kq, D1 = Do, and hi = hg the discrete solution is the same as if there were no interface at
all: U171 = Ug’l and UQ’,l = U1,71~

We have shown that the time-continuous and space-discrete problem is stable with the centered interface
conditions. We now discretize in time with forward-Euler and show that for the fully discrete case the scheme
is stable provided the time-step At is chosen to satisfy the usual von Neumann stability conditions for each
side of the interface. Discretizing the equations (35)-(41) using forward-Euler in time gives the approximation

(Ut —ut,) /At =D DyD_U};, forj=0,-1,-2... (69)
Uyt =Us;)/At =DaDy D Uy, for j=0,1,2,... (70)
K1DoUY'§! = KaDoUs'3 Y, (71)

DD D_U'$' =DyD, D_UF (" (72)
U2, = ul(wry), forj=1,0,—1,-2... (73)

Uy, = up(w2;), forj=-1,0,1,2,... (74)

TP+ e <00, U5 ln < oo, (75)

where UJL, + & U (T, j, ). These equations will be stable in the sense of Godunov-Ryabenkii [47] provided
there are no solutions to the homogeneous equations (i.e. with u{(z1 ;) = 0 and u3(x2 ;) = 0) of the form

Up; = Az"0n (76)
Uy ; = Bz"Usy, (77)
with |z| > 1.

Theorem 2 Solutions to the equations (69)-(75) are stable in the sense of Godunov-Ryabenkii provided the
time step At satisfies the von Neumann stability conditions

_ DAt
m

Proof. Proceeding along the lines of the previous proof, the solution to the homogeneous equations will be

of the form

m=1,2. (78)

Ufj:zn/gfj, 7 =10,-1,-2,..., (79)
Up, =2"kb, j=-1,01,2,3,..., (80)
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where

Em =14 8m/2 £/ Sm + $2,/4, (81)

z—1 z—1 z—1
-1 + 1 , 82
* Qd’m \/ dm ( * 4d7n ) ( )
with s, = (2 — 1)/d,, and where we choose the branch of the square root so that |k,,| < 1 for |z| > 1.

Substitution of the expressions for k,, into the interface condition (71) and using km, — £t = 2(Km —1) — S,
gives a nonlinear equation satisfied by z,

K1 [z—1 z—1 Ko [z—1 z—1
+)— 1 =—(+)— 1 83
()hl\/d1<+4d1> ()h2\/d2<+4d2) =
The sign taken for each square root will depend on z and d,;, and we note the possibilities with (£). We need

to show that there are no solutions to this equation with |z| > 1. We first show that all solutions to (83) are
real. Taking the square of (83) implies that

K22z-1 z—1 K3z-1 z—1
— 1+ — | == 1 . 84
h? dy ( + 4d, > h3 ds ( * 4d, ) (84)

1 _8
dy  4dy’

Thus z =1 or z satisfies

K2 h2
h3 K3
If @« # 0 then z = 1+ (6 — 1)/« is another real root. The special case a = 0 and 8 = 1 suggests that any

value of z could be a solution. However this is a spurious solution introduced when squaring expression (83)
since in this case dy = dy, s1 = s3 and k1 = Ky (implying that both square roots take the same sign) and

(83) becomes
z—1 z—1
11+ 1, =—/1+ 1, (86)

with z = 1—4d, z € R, as the only solution. Therefore, given that solutions for z are real and |z| > 1, there
are two cases to consider, z > 1 and z < —1. Define D(z) by

Ky [z—1 z—1 Ky [z—1 z—1

D(z)_(i)hl\/dl <1+ 4d1>+(i)h2\/d2 (1+ 4d2). (87)
We need to show that there are no solutions to D(z) = 0 when z > 1 or when z < —1. If z > 1 then from (82)
we note that the arguments of the square roots are positive and also that the negative sign for the square
roots must be taken to make |k,,| < 1. This implies that D(z) is the sum of two negative quantities and
thus there can be no real solutions for z > 1. When z < —1, and d,, < % then the arguments of the square
roots are also positive but we must take the positive sign for both square roots to make |k,,| < 1. Thus in
this case D(z) is the sum of two positive quantities and therefore there are no real roots with z < —1. We

have thus shown that there are no solutions with |z| > 1, proving the theorem.
O

alz—1)=p-1, with a= and = (85)

6. Domain implicit time-stepping and the solution of the interface equations by iteration

In this section we analyze the segregated interface method, as described in Section 3.3, for solving the
interface equations when the sub-domains are advanced in a weakly coupled fashion with implicit time-
stepping. We suppose that we can advance each sub-domain problem separately (with some appropriate
conditions at the interface) but we do not want to solve the full coupled implicit problem. Implicit methods
require interface values at the new time level and some approximate values must be provided. We define
an iteration, as part of a predictor-corrector scheme, to solve the coupled problem. In Section 6.1 we study

15



the commonly used Dirichlet-Neumann (DN) approach that uses a Dirichlet condition at the interface of
one domain and a Neumann condition at the interface of the second domain. The convergence properties of
this iteration are analyzed. In Section 6.2 we analyze the case when a a mixed condition is applied at both
interfaces and show that this approach has some advantages over the DN approach.

6.1. Analysis of the segregated interface (SI) method

We consider the model problem of solving the heat equation in two domains separated by an interface using
an implicit time stepping-method. The heat-conduction model-problem is defined on the region €2 consisting
of two adjacent squares, ! = (—a,b) x (0,27) = Q4 J Q2 where the left domain is Q; = (—a,0) x (0,27),
the right domain is Qs = (0,b) x (0,27) and the interface is Q; = 0 x (0,27). The initial boundary value
problem (IBVP) we wish to solve is

Ottty = DAy, + f, forx € Q,,, m=1,2, (88)

[um (0,1)]7 = 0, forx € Q;, m=1,2, (89)

K Opum (0,y)]z =0, forx € Qr, m=1,2, (90)

U (%, 0) = ud, (%), forx e Q,, m=1,2, (91)

ui(—a,y) = g(—a,y), ua(b,y)=g(b,y), for x € Qp (92)

where u;, = un,(x,t) and we look for solutions that are 27-periodic in the y-direction. We discretize this
problem in time but for clarity keep space continuous. We use the implicit #-scheme given by

Uptt(x) = Uy (%)

Y =0 D,, AU (x) + (1 — 0) D,,,AU" (x) + f(x,t"), forx € Q,,, m=1,2, (93)
U0, 9)]7 = 0, forxeQ, m=1,2, (94
(Km0, U (0,9)]7 = 0, forx € Q;, m=1,2, (95)

U2 (x,0) = ud (x), forx € Q,,, m=1,2, (96)

Uit (=a,y) = g(=a,y), Uy (b,y) = g(b,y), for x € Q; . (97)

Here At > 0 is the time step, U (X) & up, (x,t"), " = nAt, and 0 < § < 1. We want to solve the implicit
equations (93)-(97) for the solution U™T! at the new time level. The interface equations (94)-(95) couple
the solutions on the two domains. We can solve these equations by an iteration. We wish to understand the
convergence characteristics of this iteration. We first rewrite equations (93)-(97) as an equation for U1,

1
AU~ g, AU = for x € Q, m =12, (98)
U3 0.9}z =0, for x € Q7. m=1,2, (99)
KU 0.9))z =0, for x € Qr, m=1,2, (100)
Ut (—ay) = g(=a,y), U;"(by) =g(b,y), forxeQy. (101)

Here F,, = —[U} /At + (1 — 0) D, AU (x) + f(x,t™)]/(0D,,) is known. Let U9 ~ Urtl i =0,1,2,...
denote a sequence of iterates and define the following iteration for j > 0,

. 1 .
AUW) _ () — f QO =1,2 102
Um QDmAf;Um ms Oor X € im, m y &y ( 0 )
K10,U9(0,y) = K20,UY (0, y), for x € Q, (103)
U5 (0,y) = U (0, ), for x € S, (104
U (~ay) = g(-ay), U5 (by) =glby),  forxeq. (105)

We first solve for Ul(j ) using (102) and the Neumann interface condition (103) and then solve for UQ(j )
using (102) and the Dirichlet interface condition (104). To analyze this iteration we proceed in the usual
way and first subtract out a particular solution to equations (98) and (97) that satisfies homogeneous
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Dirichlet conditions at the interface. We also Fourier transform in y (with dual variable k). This results in
the following iteration for the functions Wf,f)(:m k),j=1,2,3...,

2w = g, P = B3w, (106)
K10, W17 (0, k) = Ka0, W3~ D(0, k) + f1(k), WiV (0,k) = W (0, k), (107)
w9 (—a, k) =0, Wi (b, k) =0 , (108)
where
O =K+ 91),1&'
The solution to these equations satisfying the boundary conditions (108) is of the form (note that G, > 0)
Wl(j) = A;sinh(f:i(z + a)), (109)
W) = B; sinh(By(x — b)). (110)

Substitution of equations (109)-(110) into the interface conditions (107) gives
Aj IClﬁl COSh(ﬂla) = Bj,1 ICQ/BQ COSh(ﬂgb) + fIv
Bj sinh(—p@2b) = A; sinh(f1a).
Whence
’CQ /82 tanh(ﬁla) 1

Aj = Ky E tanh(G20) Ajat B1 K1 cosh(fa)

This iteration will converge provided the amplification factor, A, defined by

_ & & tanh(51a)
A=K B tanh(3d)’ (1)

_ Ky [1/(0D2At) + k2 tanh(B1a) (112)
n K1 1/(9D1At) + k2 tanh(@b) ’
satisfies |A| < 1. For 1/(0D,,At) > k? or 1/(6D,,,At) < k? we find that
D h
Ko [DutanhiFia) =y 0 op Aty s k2,

A~ K1 VDo tanh(Beb)’ (113)

- Ko tanh(fra)
— for 1/(6D,, At k2.
K; tanh(Bab)’ or 1/( )<

Note that in many cases B1a > 1 and B2b > 1 in which case tanh($1a) ~ 1 and tanh(82b) = 1 in the above
formulae. Then for small wave-numbers (smooth components of the solution), the convergence rate of the

interface iteration will be approximated by
Ko |Dy
R — . 114
A~ 25 (114)

We see that the convergence rate depends both on the ratio of the thermal conductivities and the square
root of the ratio of the thermal diffusivities.
If | A| > 1 then there is no convergence. In this case, however, we can redefine the basic iteration (102)-

1

(105) so that the Neumann interface condition is imposed on U2(j ) and the Dirichlet on Ul(j ) and then the
new amplification factor is the inverse of A. Thus if A <« 1 (or A > 1) then the basic iteration (or the basic
iteration with interface conditions switched) will work well. The difficult case is when A = 1 for then the
iteration will converge slowly. For this difficult case we can consider acceleration procedures to improve the
convergence rate of the iteration. One of the simplest acceleration procedures uses a relaxation parameter.
Define a relaxed iteration with relaxation parameter w by

1
A= (=it Aot e )
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in which case
1

w

B1 K1 cosh(fra)
This iteration will converge provided 0 < w < 2w, Where the optimal value for w is

1
Wopt = ——.
LT A

Note 1: The under-relaxed iteration can be implemented in practice by adjusting the Neumann interface
condition (103), using instead,

Ay = [1-w(1+14)] 45 - fr.

(115)

K12,UP(0,) = (1= w) K10,UP 0 (0,) + w0 (K20.05V(0,)). (116)

Note 2: A simple strategy for choosing a value for w for general interfaces is as follows. Solve the problem
with w = 1 and measure the convergence rate of the residuals in the interface equations. Choose w from
equation (115) using this convergence rate in place of |.A|.

6.2. The segregated interface (SI) method with mized interface conditions.

We now consider more general segregated interface conditions where instead of applying a Dirichlet inter-
face condition on one domain and a Neumann interface condition on the other, we apply a mixed condition
on both sides. Following the development in the previous section, we replace equations (102)-(105) with

AU — ﬁagg) = Fp, m=1,2, (117)

(a12K10; + a10)UP(0,y) = (a1,K28, + a10) U~ V(0, ), (118)

(—a2nKady + az20)US (0,y) = (—a2, K19, + a20)U (0, y), (119)

U (—a,y) = g(~a,y), UL (b,y) = g(b,y). (120)

Note that the Dirichlet-Neumann approach of the previous section corresponds to the choice a1, =1, agp = 1

and a9 = ag, = 0. If the iteration (117)-(120) converges to some values U},, then

a1n ao| | K10 U — K20, Uy 0 (121)
—a2n A20 Uik — U;

Thus, provided the determinant of the coefficient matrix is non-zero, ai,a29 + a19a2, # 0, it follows that if
the iteration converges then both interface conditions will be satisfied. Proceeding as before, we are led to
analyze the following iteration

WO = WP, oWl - ), 12
w9 (—a)y=0, WY =o, (123)

(a1nK105 + a10)W (0, 9) = (a1,K20, + a10)W (0, 9) + a1n f1 (k) (124)
(—a2, K20, + azo)Wz(j)(O, y) = (a2, K10, + azo)ij)(Oa y) — azn fr(k). (125)

The solution to these equations is also of the form (109)-(110) and the amplification factor for the mixed
interface conditions is

a1, K282 — aro tanh(52d) a2,K161 — ago tanh(Gra)

A= . 126
a1, K181 + a1o tanh(&a) aon Ko B2 + agg tanh(ﬁzb) ( )

We note then that if a1, = a2, = a190 = as, = % then
o K:lﬁl — tanh(ﬁla) ICQBQ — tanh(ﬁgb) (127)

o ’Clﬁl + tanh(ﬁla) ,CQ/BQ + tanh(ﬂgb)
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so that |A| < 1 and the iteration will always converge (although the convergence rate may not be very good).
Although the choice a9 = a1,/Ka02/ tanh(B20) and asyp = a9, K151/ tanh(B1a) would make A = 0, this is
not practical since B, = B, (k) depends on wave-number k. After some numerical experimentation we have
arrived at the following choice for the coeflicients of the mixed conditions that seems to give reasonable

results,
2 2 :
_ - fry >
G =1, agy =1, {00702/ a0 =01 20, (128)
a0 = Y9, Q20 = 71/727 lf% <727
where
, I
T = om0 = Ko [ 57+ (05 (129)

and (k?,)? = 0.1/(D,,At) is a rough guess of a wave-number where the errors are significant . With this
choice, when v > 72 or 72 > ~; the mixed condition will be close to the Dirichlet-Neumann condition and
should converge rapidly. When ~; &~ v2 and v; > 79 the iteration should also converge rapidly since

_ KaBa(k) — KaB2(k3) tanh(B2b) tanh(Bia)
K:lﬁl(k) + ICQﬁQ(k;) tanh(ﬁm) tanh(ﬁgb) ’

A similar result holds when v; & 75 and ;7 < 7». In Section 6.3 we present some numerical results using the
mixed interface condition with parameters chosen following (128).

A~ (130)

6.3. Results for implicit time-stepping and interfaces

In this section we present computational results that provide confirmation of the analyzes of the previous
sections. We solve some conjugate heat transfer problems using the segregated interface method and measure
the convergence rates of the iterations. These convergence rates are compared to the theoretical values. We
consider using the Dirichlet-Neumann interface condition (DN) discussed in Section (6.1), as well as using
a mixed interface condition (M) described in Section (6.2). From equation (114) we define an estimated

convergence rate of the DN approach,
Ko |Dy
Oest = — 4] —-
est ’Cl ,D2

This is the convergence rate that might be expected when a Neumann condition is applied at the interface to
sub-domain 21, with parameters Xy, Dy, and a Dirichlet condition is applied at the interface to sub-domain
Qs, with parameters ICo, Ds.

We begin by considering a domain consisting of two adjacent squares, 2, = Q1 Uy where Q; = (—1,0) X
(0,1) and Q3 = (0,1) x (0,1). We define a grid G, for 5 using Cartesian grids on each domain with grid
spacing equal to Az = 1/320. We solve the heat equation in each sub-domain with a second-order accurate
implicit predictor-corrector method where the corrector step is given by the implicit #-scheme (93) with
¢ = 3 and At = .01. The boundary conditions on non-interface boundaries are taken as Dirichlet (similar
results are obtained when Neumann boundary conditions are used). The exact solution, determined with
the method of analytic solutions (section 7.1) is a fourth-degree polynomial. At each time step we solve
the interface equations by the iteration (102)-(105). An initial guess for the right-hand-side to the interface
equations is determined by extrapolation in time from previous values. We estimate the average convergence
rate, Ocomp, from the reduction in the residual in the interface equations over a total of NV iterations,

Ocomp — (W) )

RO = max {|vf) - )
i,j ’ ’

K1DU) — KD, U }

)

where the maximum is taken over all grid values on the interface and D,, is the discrete approximation to
the normal derivative. We solve the interface equations until RY) < e where ¢ = 10719 for the computations

19



given in this section. The values of o¢omp are then averaged over a few time steps to give the tabulated
result. Fig. (7) shows some results for different values of (KC,,,, D;,). The estimated convergence rate oegst
is generally a good approximation to the computed value ocomp for cases that use the DN conditions. For
example, in case “1” the estimated converge rate is oot = .45 and the computed is ocomp = .44. We also
show the convergence rate when a relaxation parameter, w ~ 1/(1 + 0comp), is used (116). In some of these
cases, the convergence rate at each iteration, R<j+1)/ RU), can be quite variable with the initial iterations
tending to converge much faster than later iterations. This can be attributed to the smooth components
of the error converging rapidly on the first few iterations, while high-frequency modes of the error become
more important for later iterations. Fig. (7) also shows results for the disk-in-a-square grid, G(®, defined

‘case‘ grid ‘ I1C ‘ (Dl,lcl) ‘ (D27 ICQ)‘ Oest| Ocomp ‘ w ‘ Ucomp(w) ‘

0 | two-squares |DN| (1.0,1.0) | (0.1,0.1) | .32 .31 .76 .08
1 DN| (0.5,1.0) | (0.1,0.2) | 45| .44 |.69| .12
2 DN| (1.0,1.0) | (1.0,1.0) [ 1.0 | 1.0 | .5 19
3 M | (1.0,1.0) | (1.0,1.0) | 1.0 | .45 |.69| .65
4 M| (1.0,1.0) | (0.1,0.1) | .32 | .17 |.85| .13
5 disk-in-a |DN| (1.0,1.0) | (1.0,1.0) | 1.0 1.2 .5 A1
6 square DN]| (0.5,1.0) | (0.1,0.2) | .45 48 .69 .04
7 DN (1.0,1.0) | (1.0,.02) | .02 | .024 |.98| .0013
8 M | (1.0,1.0) | (1.0,1.0) | 1.0 | .04 |.96| .015
9 M | (05,1.0)](0.1,0.2) | 45| 21 |.83| .0013
10 M | (1.0,1.0) | (1.0,.02) | .02 | .022 |.98| .00056

Fig. 7. Convergence rates for solving the interface equations by iteration with the segregated interface approach and
weakly-coupled implicit time-stepping. The interface condition (IC) is either Dirichlet-Neumann (DN) or mixed (M). gest
is the estimated convergence rate for the DN condition. ocomp is the computed convergence rate. w is the relaxation parameter
computed from ocomp uUsing equation (115). Ocomp (w) is the convergence rate of the relaxed iteration using this value of w.

in section (7.2). The estimated and computed convergence rates for the DN interface condition agree well
in this case as well. The mixed interface condition converges very rapidly for case “8”, Dy =1, K; = 1,
Dy =1 and Ko = 1 which is the difficult case for the DN approach. The mixed condition generally gives
good results. Case “3” for the mixed condition on the two-squares problem does not converge as well as case
“8” for the disk-in-a-square problem. The convergence rates for case “3” start out very small but then slow
down due to boundary effects where the interface meets the adjacent top and bottom boundaries. In case
“8” the interface is a periodic circle and thus this effect does not appear. It may be possible to remedy this
problem with an improved approximation for points near where the interface meets another boundary.

7. Numerical results

In this section we present some computational results. Although we are primarily concerned with demon-
strating the accuracy of the multi-domain algorithms, we will also show results of applying the approach to
a few interesting conjugate heat transfer problems. We will present results using explicit time-stepping and
the coupled interface (CI) method as well as results for implicit time-stepping and the segregated interface
(SI) method. For explicit time-stepping we use a predictor-corrector method that consists of a second-order
Adams-Bashforth predictor step followed by a second-order Adams-Moulton corrector step (trapezoidal
rule). For implicit time-stepping we use a semi-implicit version of the explicit predictor-corrector method.
The corrector-step takes the form of the #-scheme (93). In the semi-implicit approach we can optionally treat
different terms in the equations in a implicit manner. For the INS equations, for example, we may only treat
the viscous terms implicitly or alternatively treat both viscous and advection terms in an implicit manner.
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7.1. The method of analytic solutions

The method of analytic solutions is an extremely useful technique for constructing exact solutions to
check the accuracy of a numerical implementation. This method, also sometimes known as the method of
manufactured solutions [48], or twilight-zone forcing [49] adds forcing functions to the governing equations
and boundary conditions. These forcing functions are determined so that some given functions, @(x,t), will
be the exact solution to the forced equations. With this approach, the error in the discrete solution can be
easily determined. As an example of the technique, consider solving the IBVP for the advection-diffusion
equation,

u +a-Vu—vAu = f, for x € Q,
u(z,0) = up(x), forx e Q,att=0,
u(x,t) = g(x,t), for x € 0Q.

Any given smooth function, @(x,t), will be an exact solution of the IBVP if we set the forcing function,
initial conditions and boundary conditions as

f(x,t) = +a-Vu—vAu, ug(x)=1u(x,0), and g¢(x,t) = u(x,t).

In our numerical implementation, we have a number of choices available for u, including polynomials, trigono-
metric functions, and exponential functions, among others. The exact form of the analytic solution we use
in each case will be given in subsequent sections.

7.2. Solid disk in a fluid

]

i

L:—«f‘

Fig. 8. Left : composite grid G(1) for the two-domain conjugate heat-transfer problem. The heat equation is solved in the inner
disk and the incompressible Navier-Stokes equations are solved in the outer region. Right : the computed temperature for a
problem where the exact solution was constructed using the method of analytic solutions.

We consider a conjugate heat transfer problem for a heated solid disk in a fluid. We solve the problem in
a two-dimensional domain 2 = Qg U Qp, where the solid domain 25 consists of a circular disk of radius
R = .4 and the fluid domain Qf is a square that surrounds the fluid, Qr = [~1,1]?> — Qg. The grid for an
annular region is defined by

Alras 1), Ny, Na) = {(mz c0s(63, ), i, sin(0,)) | 05, = 2min /N1, i, = 1o + (rp — 74)in/Na,

in=01,.... N, k=1,2}.
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The grid for a rectangle is
R([xaaxb] X [ytuyb]avaNZ) - {(xa + (l‘b - xa)il/Nlaya + (yb - ya)iQ/NQ) ‘ ik) = Oa la .. .,Nk, k= 172} .

The number of grid points in each coordinate direction for a grid with resolution factor m is chosen so that

the grid spacing is approximately
1

= 20m’
The composite grid for the solid domain consists of an inner square grid and an outer annulus,

g8 = R([—Ri — As™, Ri + As"™ N, s, Nos) U A([Ri, R], No, N,),
where R = 4, R, = R— 175, No.g = |2(R; + As)/As™ +1.5], Ny = |20R/As™ + 1.5] and N, =

[(R— Ri)/As(m) +2.5]. Here |z] denotes the largest integer less than or equal to x. The composite grid for
the fluid domain is composed from a background square and an annular grid,

Ge" = R([~1,1]%, No.r, Noor) U A([R, R+ .175], Ny, N,.),

As(™)

where N, p = |2/As™ +1.5]. The composite grid for the entire multi-domain problem is the union of the
fluid and solid grids,

gm =g u g .
Fig. 8 shows the grid GV for this two-domain problem.

Fluid Solid
Grid ¢(m)| As(m) e](gm) eq(tm) es,m) egﬂm) V-u egﬂm)

g 1/20 |8.0x 1073 | 4.7x 1073 [ 8.1 x 1073 | 4.6 x 1073 | 2.6 x 1072 | 4.6 x 1073

g 1/40 |2.2x1073 |1.0x 1073 [ 1.8 x 1073 | 1.4 x 1073 | 7.5 x 1073 | 1.4 x 1073

g4 1/80 | 6.0x 1074 |2.6x1074[3.9x1074|38x107%|9.0x 104 |3.8x 1074

rate, o 1.87 2.09 2.20 1.80 2.43 1.80

Fig. 9. Maximum errors at t = 1 and estimated convergence rate, o, when solving the solid disk in a fluid problem using explicit
time-stepping and the coupled interface (CI) approach.

Fluid Solid
Grid Gm)| Ag(m) eém) eslm) es,m) egwm) V-u e(Tm)

g 1/20 [14%x1072{93x 1073 |1.2x 1072 [4.7x 1073 | 1.2 x 1072 | 4.7 x 1073

g 1/40 |25x1073 1.8 x 107328 x 1073 [ 1.3 x 1073 | 2.8 x 1073 | 1.3 x 1073

g4 1/80 |4.0x 1074 |3.7x1074[6.1x 1074 |35 x 1074 | 6.1 x 1074 | 3.5 x 1074

g® 1/160 | 1.1 x 1074 | 8.5 x 1075 | 1.3 x 1074 [ 9.0 x 1075 | 1.3 x 1074 | 9.0 x 107>

rate, o 2.4 2.3 2.2 1.9 2.2 1.9

Fig. 10. Maximum errors at ¢ = 1 and estimated convergence rate, o, when solving the solid disk in a fluid problem using
implicit time-stepping and the segregated interface (SI) approach.

We solve the incompressible Navier-Stokes (INS) equations in the fluid domain and the heat equation in
the solid domain. We use the method of analytic solutions as described in Section 7.1 with a trigonometric
exact solution. The exact solution for the fluid is

i = £ cos(fymz) cos(fy,my) cos(fimt), (131)
v = gsin(fyme) sin(fymy) cos(femt), (132)
P = cos(fymax) sin( fywy) cos(fimt), (133)
T = cos(f,mx) cos(f,my) cos(fimt), (134)
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which satisfies V - (@,7) = 0 if f, = f,. For the fluid we choose f, = f, = f. = f. = 1. For the solid the
exact solution for T is also given by (134) and we choose f, = f, = f. = f. = 2. Since the exact solutions
for T in the fluid and solid do not match at the interface, the interface jump conditions (5)-(6) are replaced
by [Tz = [T)z and [0, T)z = [0, T)z. We use parameters values v = .025, k; = .03, and k; = .04 for the
fluid, and ks = .04, ks = .9 for the solid, with the coefficient of thermal expansivity o = .1 and the gravity
vector equal to g = (0, —10). Fig. 8 shows the computed solution for the temperature at time ¢ = 1. We
define the maximum error in a computed solution U* on grid G (m) as

el™ = max |UP — a(x;, t")], (135)

ieg(m)

where the maximum is taken over all valid points on the composite grid G(™). The convergence rate o for
a component u of the solution is estimated by assuming that the maximum norm of the error has the form
el™ = C(As"™)7 and then making a least-squares fit for o to the equation log(e{™) = o log(As™)+log(C)
for different values of As(™.

We solve the problem with explicit time-stepping and the coupled interface approach. We also solve with
implicit time-stepping and the segregated interface approach. Fig. 9 and Fig. 10 present the maximum
errors at time ¢ = 1 and the estimated convergence rates when using explicit and implicit time-stepping,
respectively. For the implicit time-stepping case we note that the time-step At was explicitly reduced by a
factor of two as the grids were refined by the same factor so that the time-stepping errors would be reduced
appropriately. For the SI approach, the results when using the Dirichlet-Neumann interface conditions or
the mixed interface conditions are nearly the same. The convergence results provide strong evidence that
the overall scheme is second-order accurate.

7.3. A flat plate heat exchanger with buoyancy

Yo T=T1,
i,

Yi
Solid: Q,

Ya T-T, 2

Fig. 11. Flat-plate heat exchanger geometry and grids for the two-dimensional and three-dimensional computations. A rectan-
gular fluid domain sits above a rectangular solid domain.

In this example we consider the buoyancy driven flow past a flat plate for which an exact steady state
solution is available. Fig. 11 shows the two-dimensional (2D) and three-dimensional (3D) computational

domains. For the two-dimensional case the fluid occupies the upper rectangle QF = [z, z][yi, 1] and a
solid occupies the lower rectangle Q% = [z4, 23][ya, ¥i]. The boundary conditions and initial conditions are
T(x7ya7t) :TOH T(x7ybat) :Tbu for Tq S-’I?S-’l?b,
u(z,y;,t) =0, u(z,yp,t) =0, for z, <z < ap,

u(z,y,0) =0, forxeQf, T(z,9,0) = LT, +Ty), forx € o uns.

Gravity is in the x-direction, g = (g.,0,0) and the solution is assumed to be periodic in 2. The steady state
solution is
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Ty + L= (T~ 1), forya <y <,

Too(y) = yl__ y,a
Ti+ 222 (1, - 1), fory; <y <,
Yo — Vi
age (To+ Ty T, — T,
use(y) = “ (o )= )+ g S = i) W) =), foru <y S u,
ICfTb + ICsTa Yi + Yb
here T, = 00270 ond gy, = 227
where K;+K. and y 5

Note that the velocity profile is perturbed from standard plane Poiseuille flow with the maximum in the
velocity shifted towards the hotter wall. We solve the problem with parameters

.fL'a:O, .'L'b:17 ya:07 yz:%7 yb:17l/:'057a:17 gw:_la
Ke=1,D,=1, K; = .2, Dy = .2.

The solution is integrated with implicit time-stepping with the segregated interface approach until ¢ = 10
when the steady state has been approximately reached. The numerical solution remains independent of x
to round-off error. The computed solution is compared to the exact solution in Fig. 12 along the line x = %
for a grid with grid-spacing Az = Ay = 1/40. Since the exact solution of the temperature is a linear profile,
and the exact solution to the velocity is a cubic, the computed solution on a Cartesian grid is equal to the
exact solution to within round-off error or the degree to which the solution has converged to a steady state.
Note that the reason the cubic profile can be computed exactly is due to the fact that the leading-order
truncation-error term in approximating u,, with a second-order accurate finite difference approximation on
a Cartesian grid is (Ax?/12)9%u.

Fig. 13 shows the corresponding results for the three-dimensional problem for a grid with grid-spacing
Az = Ay = Az = 1/20. The numerical solutions again match the exact solution to round-off errors as in
the two-dimensional case.

Flat plates heat exchanger 2D, m=2 Flat plates heat exchanger 2D, m=2
. . : .

5 1.8 T
+ Ts + u
a5} TS (exact)|| 1.6 u (exact)
< T 14
4k 7T' (exact) || )
1.2
3.5f 4 1
= 3 1 = 08
0.6
2.5¢ e
0.4
2F N
0.2
151 B o
1 ; ; ; ; 0.2 I I i i
0 0.2 0.4 0.6 0.8 1 05 0.6 0.7 0.8 0.9 1

y y
Fig. 12. Results for the 2D flat-plate heat exchanger. The temperature is a piecewise linear profile and the fluid velocity is a
cubic polynomial. The numerical solution computed on a Cartesian grid gives the ezact solution up to round-off.

7.4. Conjugate heat transfer in cocentric cylinders

In this example we consider the buoyancy-driven conjugate heat transfer between two cocentric cylinders
as shown in Fig. 14. A solid occupies the inner hollow cylindrical domain Q% = { x | r € [ra, 7],y € [Va, ys]}
where r = v/x2 + 22 and the axial direction is parallel to the y—axis. A fluid occupies the outer hollow
cylindrical domain QF = { x | 7 € [r;, 7],y € [Ya,¥]}. The boundary conditions and initial conditions for
the problem under consideration are
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Flat plates heat exchanger 3D, m=1 Flat plates heat exchanger 3D, m=1

5 T ‘ : 18 : ;
4 Ts + u
u (exact]
450 Ts (exact)|| 1.6 ( )
o T 14
a4t 7Tf (exact) || )
1.2
3.5 B 1
=o3F 1 s 08
25} 7 0.6
0.4
2F N
0.2
1.5 B o
1 i i i i ~0.2 I . i i
0 0.2 0.4 0.6 0.8 1 05 0.6 0.7 0.8 0.9 1

y y
Fig. 13. Results for the 3D flat-plate heat exchanger. The temperature is a piecewise linear profile and the fluid velocity is a
cubic polynomial. The numerical solution computed on a Cartesian grid gives the ezact solution up to round-off.

Ta T Ty

Solid: €,
Fluid: Qf

Yo

«—Ya

T(x,t) =1T,, for r =74, Yo <y <y,
u(x,t) =0, for r=ri, Yo <y <up,
T(x,t) =Ty, u(x,t) =0, forr =1y, yo <y <,
u(x,0) =0, T(x,0)=2%(T,+T), forxeQF,
T(x,0) =T, +Tp), for x € QF.

Gravity is in the y-direction, g = (0, g4, 0) and the solution is assumed to be periodic in the axial direction
y. The steady state solution is a function of r only and is given by

T’i - Ta
T.+ ——In(r/ry), forr, <r <,
TOO(T) — ln('f‘i/rq)
T; + lnl(erTZ) In(r/r;), forr, <r <,
Voo (1) = % ((Cl — c2)r® + (car® + c3) In(r) + c4), for r; <7 <7y,

where
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T Kyn(r;/re)Ty + KsIn(ry /7)1,
! Kyln(ri/re) + KsIn(ry /1)
-1

2= In(ry/r;)’

(1 —e2)(rf —13) +ca(r? In(ry) — rf In(rs))

c1 =T; — caIn(ry),

@ = In(ry/7;) ’
o — (e1 — e2)(rEIn(r;) — r?In(rp)) + c2 In(r;) In(ry) (rf — r?)
In(ry/r;) ’

We solve the problem with parameters

re=%ri=11m=3y.=0, =1 T,=5 T, =1,

V:.O5, a:l, gy:—l’ IC§:1, Dsil, ICf:Q, Df:2

A grid for a cylindrical region with axial direction parallel to the y-axis is defined by

C([Tavrb]a [ya,yb},Nla N27N3) = {(riz COS(Hh)aya + (yb - ya)i3/N3,Tiz Sin(ah)) | Hil = 27Ti1/N13
riy = Ta + (1 — 7a)iz/Na, ix = 0,1,..., Ny, k= 1,3}.

The number of grid points is chosen so that the grid spacing is approximately

1

As™ = —
5 10m

The composite grid for two-domain problem consists of two cylindrical grids,
g(m) = C([T(M Ti]7 [yaa yb]a N97 NT7 Ny) U C([Tia Tb]) [ya7 yb]7 N@) N’l‘7 Ny)7

where Ny = [277;/As™ +1.5], N, = [(r; — 7a)/As™ +2.5], Ny = | (4 — ya)/As"™ +1.5]. We solve the
problem on a sequence of grids G,,,, m = 1,2,4. The solution is integrated with implicit time-stepping with
the segregated interface approach until ¢ = 10 when the steady state has been approximately reached.

Cocentric Cylinders Heat Exchanger m=2 Cocentric Cylinders Heat Exchanger m=2
5 ‘ 16
+ TS + v
45¢ TS (exact)|| 14 Vv (exact)
+ T'
4k T, (exact) || 12
1
3.5F 4
0.8
= 3r Bl >
0.6
2.5F B
0.4
7 il 02
15} 1 ol
1 ‘ -02 s ; i ‘
0.5 1 15 1 11 12 13 1.4 15

r r
Fig. 15. Results for the cocentric cylinder heat exchanger for grid Go. Left: the computed and exact solution for the temperature
in the solid and fluid domains along a radial line. Right: the computed and exact solution for the velocity component v along
a radial line.

The computed solution is compared to the exact solution in Fig. 15 along the radial line y = %, z =0, for
the grid Gs. The numerical solution shows excellent agreement with the exact solution. Fig. 16 shows the
maximum errors in 7" and v and the estimated convergence rate. The results demonstrate that the method
is second-order accurate.
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Grid g™ | As(m) egm) egfm
4O 1/10 |1.3x 1073 | 6.0 x 1073
G® 1/20 [3.9x107*|1.8x 1073
G@ 1/40 [9.4x 1075 (4.5 x 10~*

rate, o 1.9 1.9

Fig. 16. Maximum errors and estimated convergence rate for the numerical solution of the steady state cocentric cylinders heat
exchanger.

7.5. Fluid in a curved pipe

We consider the solution to a conjugate heat transfer problem in a curved pipe consisting of an inner fluid
region surrounded by a solid pipe as shown in Fig. 17. We solve this problem on a sequence of grids with the
method of analytic solutions and determine the errors and convergence rates when using explicit and implicit
time-stepping. These results show the accuracy of the three-dimensional capabilities of our approach. We
also solve a more realistic conjugate heat transfer problem and present some parallel scaling results.

For completeness, we first define the problem domain and the grids. The fluid domain for the curved pipe
is a 90° sector of a toroid. The solid domain is a toroidal shell that forms the solid pipe. The grid for a sector
of a toroidal shell is defined as a body of revolution of an annulus cross-section and is given by

T(XCv[rmrb]v [¢av¢b]aR7N17N2aN3) =
{xc + ((R + 74, €08(0;,)) cos(iy ), riy sin(6y, ), (R + 14, cos(6;,)) sin(gbh)) |
91'1 = 27Ti1/N1, Ti, = Tq + (T‘b — Ta)iQ/N27 ¢i3 = (ba =+ (¢b — ¢a)i3/N3, i,=0,1,...,Ng, k= 1,3},

where X, is the center of the toroid, r, and 7, are the inner and outer values for the minor radius, R is the
major radius and ¢, and ¢, are the bounds on the toroidal angle ¢. The grid for the core of the fluid domain
is a body of revolution of a square cross-section and given by

S(xe,[Tar @] X [Ya, Y], [Pas Po], R, N1, N2, N3) =
{e + (B +25,) c05(61), B + (v — ya)ia/Na, (R + i) sin(gy,) ) |
Tiy = Ta + (T6 — Ta)i1 /N1, biy = da + (P — ¢a)is/Ns, i, =0,1,..., N, k=1,2} .
The composite grid for the fluid domain consists of a toroidal shell and inner core,
GiM =T ((R,0,0),[.35, 5], [, 7/2], 2.5, Ny™ , N NI™) U
S((R,0,0),[—.35,.35] x [—.35,.35], [, 7/2],2.5, N{™ , N{™), Nqﬁm)),
while that for the solid domain consists of the outer toroidal shell,

Gy =T ((R,0,0),[5,.7), [r,7/2],2.5, N;™ , NG NS™) .

Here m denotes the resolution of the grids. The number of grid points, Né m N }T), Nq(sm) etc. are chosen

so that the grid spacing is approximately equal to
1
As™ = —
20m

The composite grid for the entire multi-domain problem is the union of the fluid and solid grids,

gim =g u g

We solve the incompressible Navier-Stokes equations with Boussinesq approximation in the fluid domain
and the heat equation in the solid domain. We use the method of analytic solutions with a trigonometric
exact solution. The exact solution for the fluid is
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os(frx) cos(fry) cos(fmz) cos(fimt), (136)
= (frx) sin(fry) cos(frz) cos(femt), (137)
= 1sin(fmz) cos(fmy)sin(frz) cos(fimt), (138)
D cos(frx) cos(fry) cos(fnz) cos( fymt), (139)
T = cos(frz)cos(fry)cos(frz) cos(fimt), (140)

which satisfies V - (4,0, w) = 0. For the fluid we choose f = f; = 1.5. For the solid the exact solution for T'
is also given by (140) and we choose f = f; = 1. Since the exact solutions for 7" in the fluid and solid do

not match at the interface, the interface jump conditions become [Tz = [T]z and [0,T|z = [0,T]|z. We use
parameters values v = .0125, k;y = v/.72, and ky = .1 for the fluid and ks = .025, ks = .05 for the solid.

N
Il
)

SIS

| |
[ NI
<&
=
)

solid domain

fluid domain

Fig. 17. Conjugate heat transfer of a fluid in a curved solid pipe with an exact solution constructed with the method of analytic
solutions. Left : the composite grid G for the two domain problem. The inner fluid region is discretized with the green and
blue grids; the outer solid region with the red grid. Right: the computed solution for the temperature in the fluid and solid
domains. Contours of the solution are plotted on planes that cut through the domain. The fluid and solid domains use different
trigonometric functions as exact solutions.

Fig. 17 shows the computed solution for the temperature at time ¢ = 1. Note that the trigonometric
functions were chosen so that the solution for 7" in the solid is different from 7' in the fluid. Fig. 18 and
Fig. 19 present the maximum errors at time ¢t = 1 and the estimated convergence rates when using explicit
and implicit time-stepping. The results indicate that the solution is converging at rates close to second-order
accuracy. The actual errors between the explicit and implicit time-stepping results are similar.

For the implicit time-stepping case, the interface equations were solved to a tolerance of 1072 in the max-
imum residuals of the interface jump conditions. This tolerance was always achieved within two iterations.
The interface equations will always be solved for at least two iterations with the implicit predictor-corrector
time-stepping method since they are solved after the predictor-step and after the first corrector-step. Thus,
in this example no additional corrector steps were needed to satisfy the interface equations.

Fluid Solid

Grid g(m| As(m) eg,m) eq(Lm) egm) egum) e(Tm) V-u e(Tm)

g 1/20 | 9.1x 1073 |3.7x 1073 |24 x 1073 | 3.7x 1073 | 4.8 x 1073 | 1.1 x 10~ | 3.9 x 103

g® 1/40 |22x 1073 [6.5x 1074 |58 x 107 [ 7.5 x 1074 | 1.1 x 1073 | 3.5 x 1072 | 9.5 x 10~*

rate, o 2.06 2.50 2.03 2.30 2.14 1.73 2.05

Fig. 18. Maximum errors at t = 1 and estimated convergence rate, o, when solving the fluid in a curved pipe problem using
explicit time-stepping and the coupled interface (CI) approach.

To give an idea of what the solution looks like for a more realistic situation we solve a conjugate heat
transfer problem through the curved pipe including the effects of buoyancy. We compare the two cases when
gravity points in the +z and —z directions. For the fluid, an inflow condition of (u,v,w) = (0,0, —1)P(x)
and T = 0 is specified at the boundary face at z = 0. Here the parabolic inflow function P(x) is given by
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Fluid Solid

Grid g(m)| As(m) e;gm) e&m) egm) eE}’” egﬂm) V-u eéwm)

g 1/20 |1.2x 1072 | 5.6 x 1073 |26 x 1073 [4.7x 1073 |59 x 1073 | 1.2 x 1071 | 4.5 x 1073

G 1/40 |29%x 107389 x107%|6.0x 1074 [9.2x 1074 | 1.4x 1073 |34 x 1072 | 1.0 x 1073

rate, o 2.02 2.66 2.08 2.35 2.10 1.81 2.09

Fig. 19. Maximum errors at ¢t = 1 and estimated convergence rate, o, when solving the fluid in a curved pipe problem using
implicit time-stepping and the segregated interface (SI) approach.

2.3
Fig. 20. Flow of a heated incompressible fluid through a curved solid pipe. Left : the temperature in the fluid and solid. Right:
the flow speed (magnitude of the velocity) and the temperature in the solid. Top: gravity is g = (0,0,+1). Bottom: gravity is
g =(0,0,-1).

_ 1 for dist(x) > 4,
Plx) = {1 — (dist(x)/8)? for dist(x) < 6,

where dist(x) is the distance of a point x on the inflow face to the adjacent solid wall, and § is chosen to
be 0.2. An outflow condition is specified at the face at x = 2.5 using p,, + p = 0, while no-slip walls are
used on the curved boundaries of the pipes. (Section 3.1 provides more information on the equations used
for the different boundary conditions.) The solid pipe is given a fixed temperature T = 10 on the outer
boundary of the pipe and Neumann conditions on the inflow and outflow faces. Other parameters are taken
as v =.025, ky = .1, Ky = .025/.72, ks = .05, ks = 1. Gravity is chosen as g = (0,0, +1) for two different
cases. The initial conditions for the fluid were based on the state (u,v,w) = (0,0,—1) and T" = 0. These
values for the velocity were projected and smoothed to provide smooth and approximately divergence free
initial conditions. The initial condition for the solid was taken as T = 10.

Fig. 20 shows the solution at time ¢ = 1 for the two cases of gravity pointing in the +2z and —z directions.
These solutions were computed on the grid G®). The temperature in the fluid and solid are shown along
with the speed of the flow, |u| = vu? + v2 + w?. The temperature of the fluid is heated as it moves through
the pipe. From the figure it is evident that the temperature is continuous at the interface between the solid
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and the fluid. There are significant differences in the flow between the two cases. In the case when gravity
points in the —z direction, the buoyancy force will be in the 4z direction for hot fluid. Near the inflow
region this will slow down the fluid near the walls. When gravity is in the 4z direction, the buoyancy force
will act in the opposite direction on hot fluid. In this case the hot fluid near the wall in the inflow section
is accelerated.

7.5.1. Parallel Performance

The multi-domain solver runs in parallel on distributed-memory computers. In this section we provide
some parallel performance numbers when solving the flow in a curved pipe problem. Our approach to dis-
tributed memory parallelism and load balancing is described in [12]. In brief, each grid can be independently
partitioned across the processors, while a modified bin-packing algorithm is used for load-balancing. We
solve the flow in a curved pipe problem on the composite grid G(?) for which the total number of grid points
was approximately 4.6 x 105. We solve to time ¢ = .4 (513 time steps) with explicit time-stepping. The
pressure equation is solved with a stabilized bi-conjugate gradient algorithm from PETSc [50] using an ILU
preconditioner with fill level 1 and a relative tolerance of 107°. On average, approximately 9 iterations were
required per pressure solve. The solution to the pressure equation was taking over 50% of the total time.

For each run, we integrate the equations from ¢ = 0 to 0.4 and record the number of time steps taken and
the total CPU time used (wall clock time). From this information we compute 7%, the average CPU time
per step for run k. Let Néfc))c denote the number of processors used in run k. To measure the parallel scaling
behaviour, we define a parallel scaling factor

Ty N
T T N®

proc

Sk

which compares the CPU times per step between runs 0 and k. The run for k£ = 0 is taken to be a reference
computation with one processor. Ideally, Si should equal 1 for perfect scaling. All calculations in this section
were performed on a AMD Opteron Linux cluster with eight 2.4GHz processors per node and 16 gigabytes
of memory per node. Fig. 21 presents the strong parallel scaling results. Shown are the parallel scaling factor
and the time-per-step in CPU seconds for the total computation, the initialization phase of the computation
and the advance stage of the computation. The initialization phase includes the time to setup the pressure
equation and project the initial conditions to be approximately divergence free. The time to solve the coupled
interface equations was small, typically 3 — 5% of the total time. There is a decrease in the parallel scaling
factor of Sy = 1.0 to S; = 0.8 in going from 1 to 2 processors but after that the code scales fairly well out
to 64 processors. These results are quite good considering the relatively few number of grids points for this
problem.

k | Nodes | processors| total (s/step) | init (s/step) | advance (s/step) | Sk
0 1 1 7.2 .50 6.7 1.0
1 2 2 4.5 31 4.2 .80
2 2 4 2.4 .26 2.1 .75
3 2 8 1.3 12 1.2 .70
4 4 8 1.3 11 1.2 .70
5 2 16 .71 .065 .64 .63
6 4 32 .39 .036 .36 .58
7 8 64 .20 .026 .18 .56

Fig. 21. Strong parallel scaling for flow of a fluid in a curved pipe. The solution was solved on grid G(2) with approximately
4.6 x 105 grid points for 513 steps. S, is the parallel scaling factor.
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Fig. 22. A typical NIF hohlraum target consists of DT vapor and ice; a polyimide capsule; the heat transfer gas; and the gold
hohlraum. The composite grid consists of two fluid and three solid domains using a total of 20 grids.

7.6. Conjugate heat transfer in an hohlraum

In this section we illustrate the use of our multi-domain simulation capability in solving an interesting
conjugate heat-transfer problem. Inertial confinement fusion (ICF) targets used by the National Ignition
Facility (NIF) contain a spherical shell of Deuterium-Tritium (DT) ice. This shell is enclosed by a capsule,
typically made of a polymer or metal, and suspended within a thin walled gold cylinder known as a hohlraum.
Fig. 22(a) depicts a typical target and hohlraum configuration. Since spherical symmetry of the ice layer
directly affects the performance of the target, the temperature on the ice shell must be kept as uniform
as possible. Decay heat released from the DT vapor and ice leads to gravity driven thermal convection
both in the DT vapor and the transfer gas between the hohlraum and capsule. This convection leads to
asymmetries in the temperature of the ice layer and ultimately to asymmetric sublimation of the ice. One
method for actively controlling the temperature in the target includes adding heating and cooling elements
at the periphery of the hohlraum. This system can be simulated both with and without the thermal control
mechanisms to examine the effectiveness of such approaches.

The five domains used for this problem include three solid domains for the DT ice, capsule and the
hohlraum and two fluid domains for the DT vapor and transfer gas. Following Sanchez and Geidt, the
capsule is assumed to be a polyimide shell with an outer radius of 1mm and a thickness of 0.16mm; the ice
shell is .08mm thick. The overall length and radius of the hohlraum are 9.5mm and 2.75mm respectively
with a 0.1mm thick wall [51]. Material properties for each domain are given in Fig. 23 [51-53]. The transfer
gas properties are based on a 50 — 50 mixture of Hy and He at 19.5K. The acceleration due to gravity is a
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constant 9.8 x 103mm/s%. Cryogenic cooling regions at either end of the hohlraum are held at a constant
temperature of 19.5K while the ring heaters provide a heat flux of 1.3mW/mm?. Fig. 22(b) illustrates the
grids used to mesh this domain; for the purposes of the figure, a coarsened version of the grid is shown.

p C K q M
units 3 % RTINS (5_mm3) s
DT vapor | 3.0x 1074 | 2.49/ 8.0 x 1072| 5.0 x 107%| 1.25 x 10~3
DT ice 1x1072 | 1.0 0.294 |4.9x1072| (solid)
Capsule 1.43 1.15 0.15 0.0 (solid)
Transfer gas| 1.25 x 1073 10.5 |2.2 x 102 0.0 2.7 x 1073
Hohlraum 19.3 0.13| 1x103 0.0 (solid)

Fig. 23. Material properties used for the hohlraum convection problem: p is the density, C' the specific heat K the thermal
conductivity, g decay heat source, and p the dynamic viscosity.

)

)

&

e

Fig. 24. Hohlraum results. Left: the temperature in each of the domains shown on the same scale. Middle: the temperature is
shown with different scales in each domain to better show the variation. Right: the stream lines in the central gas region and

transfer gas region.

The results from a sample axisymmetric computation are given in Fig. 24 which shows the temperature
in the different domains as well as the streamlines of the flow in the two gas domains. The large buoyancy
driven recirculation flow in the transfer gas region is clearly evident as well as the asymmetric temperature
distribution. There is also a recirculation flow in the inner DT vapor region although the magnitude of
the velocity is much smaller in this region. These results are in qualitative agreement with those previ-
ously reported [51]. We leave to future work a more detailed analysis of this problem and comparison to
experiments.
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7.7. Congugate heat transfer in an hexagonal fuel-assembly

fuel pin

fluid channel

duct

Fig. 25. The fuel-assembly geometry and composite grid. A coarsened version of the grid is shown.

As a final example we consider the flow of a fluid coolant past a collection of hot fuel pins arranged
in an hexagonal assembly. Such a geometry is similar to those found in some sodium-cooled fast nuclear
reactors [54]. The computational domains and grids are shown in Fig. 25. There are three different domains.
The seven cylindrical fuel pins define one solid domain. The hexagonal solid duct defines a second solid
domain. The fluid channel occupies the domain between the fuel pins and the outer duct.

The composite grid for this domain was defined in terms of cylindrical grids, Cartesian box grids and
an extruded smooth-polygon grid for the duct. The smooth-polygon is defined in terms of logarithms of
hyperbolic cosine functions [55]. The fuel pins of radius 0.5 and length 4.0 were separated by a minimum
distance of 0.3 between each other and the duct. The composite grid for this domain with resolution factor
m, denoted by G, was chosen to have a background grid spacing of As™ =1 /(20m). The cylindrical
grids in the fluid domain were clustered near the walls to better resolve the fluid boundary layer.

A cold fluid of temperature T' = 0 enters the domain on the lower inflow boundary at z = 0 and travels
upward. An outflow condition is imposed at the top boundary at z = 4. The boundary condition at the
fluid-solid interface is a no-slip wall. The boundaries of the pins and duct that are not on the interface with
the fluid channel are taken as adiabatic walls (Neumann boundary conditions). The fuel pins are at an initial
temperature of 7' = 0 and given a constant volume heat source f = 1 in equation (4). The duct is at an
initial temperature of T'= 0. The fluid parameters are taken as v = .025, D = .0694, K = 0.05, and o = .1
The solid fuel pin parameters are D = .1, and IC = 0.5. The solid duct parameters are D = 0.1, and I = 1.0.
The gravity vector is g = (0,0, —1).

The solution was advanced in time with implicit time-stepping and the (SI) interface method. A semi-
implicit treatment of the INS equations was used where only the viscous terms were treated implicitly;
this required one scalar implicit system that was used for all components of the velocity and a second
scalar implicit system for the temperature. The implicit systems and the pressure equation were solved with
PETSc[50] using a stabilized bi-conjugate gradient algorithm with an ILU(1) preconditioner. The solution
was computed on grid G®) which had a total of about 13 million grid points. The solution was computed in
parallel using 8 nodes and 64 processors. The CPU time was about 26s/step for 68 steps requiring a total
time of about 30 minutes. The maximum memory required per processor was about 720 Mb. Running the
same problem on 16 nodes and 128 processors took about 18 minutes for a speedup of about 1.7 going from
64 to 128 processors. Fig. 26 shows the computed solution at ¢ = 1.0. Both the temperature and the flow
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Fig. 26. Conjugate heat transfer in the fuel assembly. Left: the temperature in the fluid and solid domains plotted on three
planes passing through the domain. Right: the flow speed in the fluid domain.

Fuel Assembly : Flow Speed and Temperature

0.6-

0.2r

Fig. 27. Conjugate heat transfer in the fuel assembly. The flow speed and temperature are plotted along a line near the outflow
that passes through 3 pins.

speed, |u|, are shown. From the figure it can be seen that the fuel pins heat the fluid as it flows upward
past the pins. The fluid moves faster through the larger sub-channels near the duct. Fig. 27 shows a line
plot of the flow speed, |u|, and temperature along the line segment —2.5 < x < .25, y = 0, z = 4., near the
outlet. The temperature is seen to be continuous at the interfaces but as expected the normal derivative in
the temperature jumps at the interfaces.

8. Conclusions

We have described an approach for solving transient and steady-state conjugate-heat transfer problems
in complex geometries using composite overlapping grids. Separate physics solvers for fluid flow and heat
conduction are used in different domains. The solutions are coupled at interfaces by conditions that impose
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the continuity of temperature and heat flux. A multi-domain solver coordinates the overall time-stepping
method and the treatment of the interfaces. An analysis of a centered approximation to the interface jump
condition was given and the approximation was shown to be second-order accurate and stable, independent
of the relative sizes of the thermal conductivities and diffusivities. When used with explicit time-stepping,
this results in an efficient, strongly-coupled algorithm (i.e. no iterations between sub-domains are required
to satisfy the interface conditions). We also analyzed iteration strategies for solving the interface conditions
when the sub-domain solutions were advanced in a weakly-coupled fashion with implicit time-stepping.
Conditions for the convergence when using the Dirichlet-Neumann interface approach were given. The use
of a mixed (Robin) interface condition was shown to have attractive convergence properties especially for
the case when adjacent materials have similar properties.

The accuracy of the new multi-domain approach was verified on a number of test cases. The method
was shown to give excellent results for a flat-plate heat-exchanger example and a cylindrical heat-exchanger
test case for which the exact solutions could be determined. The method of analytic solutions was used to
show the second-order accuracy of the approach for a two-dimensional heated disk in a square and a three-
dimensional flow in a solid curved pipe. The multi-domain approach was also applied to two interesting
applications. The gas flow and heat conduction in an axisymmetric model of a hohlraum were computed.
This problem involved two distinct fluid domains coupled to three solid domains. Finally the flow of a coolant
fluid in a model of a nuclear reactor fuel-assembly was computed.

There are a variety of future directions for this work. The interface treatment can be extended to higher-
order accuracy and to the case when the grids on either side of the interface do not match. A straight-
forward extension will enable the solution to conjugate heat-transfer problems involving compressible fluid
flows using, for example, our cgcns solver. The approach can also be extended to treat moving rigid bodies
following the technique described in [10]. Another future direction will be to couple fluid flow and deforming
solids.
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